1. Introduction {#sec1-bioengineering-05-00018}
===============

In the late 1990s, polyetheretherketone (PEEK) was initially developed as a high-performance thermoplastic to replace metal-based orthopedic \[[@B1-bioengineering-05-00018],[@B2-bioengineering-05-00018]\] and trauma \[[@B3-bioengineering-05-00018],[@B4-bioengineering-05-00018]\] implants. Invibio Ltd. (Thornton Cleveleys, United Kingdom) first offered PEEK commercially as a biomaterial for implant applications in 1998, and since then research on PEEK as a biomaterial has enhanced significantly \[[@B5-bioengineering-05-00018]\]. For implant applications, many PEEK composite materials have been developed, which have been studied for their behavior under mechanical impact, biotribology, friction, dynamic, damage, and fracture \[[@B6-bioengineering-05-00018],[@B7-bioengineering-05-00018],[@B8-bioengineering-05-00018],[@B9-bioengineering-05-00018],[@B10-bioengineering-05-00018]\].

A thermomechanical study performed on PEEK composite \[[@B11-bioengineering-05-00018],[@B12-bioengineering-05-00018]\] reported the changes in crystallinity, macroscopic decoloration, large deformation in impact, high strain rate, and heating-induced deformation. As all implants were subjected to body temperature, which is significantly below the glass transition temperature of PEEK, no significant change in elastic properties of PEEK was observed \[[@B13-bioengineering-05-00018]\]. However, it was reported that the yielding and plastic flow behavior of PEEK was affected at physiological temperatures \[[@B12-bioengineering-05-00018],[@B14-bioengineering-05-00018]\].

For a medical device, which will be used in surgery, the steam sterilization process is mandatory to properly disinfect the device before its next use. The influence of the sterilization process on the micromechanical properties of carbon fiber-reinforced PEEK has been studied \[[@B15-bioengineering-05-00018]\] for bone implant applications. It was reported that after 3 steam sterilization cycles, there was no significant change in elastic modulus, hardness, or coefficient of friction of carbon composite PEEK. The influences of thermal cycling (temperature range between +60 °C and −60 °C, 750 cycles) on the fatigue behavior of carbon/PEEK laminates were also studied \[[@B16-bioengineering-05-00018]\]. No significant change in tensile properties was observed, but a decrease of 25% in fatigue strength was observed. In another study, the fatigue performance of PEEK was investigated under sterilization and thermal aging cycles and no significant change in fatigue performance of PEEK was found \[[@B17-bioengineering-05-00018]\]. Most of these studies performed on PEEK are basically for implant applications, low temperature thermal cycling fatigue, or to investigate the behavior after only a few cycles of sterilization. However, PEEK should be investigated for a higher number of sterilization cycles in order to test its reliability in surgical device applications.

In this work, the thermal reliability of medical grade PEEK (natural) was investigated for its use in surgical device applications. Although there are many available medical grade plastic materials, such as PTFE (polytetrafluoroethylene), PEEK, PC (polycarbonate), PS (polysulfone), and PVDF (polyvinylidene fluoride), PEEK presents the best combination of mechanical (stiffness, hardness, and wear) and thermal (high glass transition and melting temperature) properties required for the dimensional and thermal stability of a medical device \[[@B18-bioengineering-05-00018]\]. An important reason to choose natural PEEK is its radiolucent property \[[@B13-bioengineering-05-00018]\], which makes it transparent to radiography. If any surgical device is fabricated using natural PEEK, then the real-time monitoring of surgery is possible, as X-ray can clearly see through this material.

2. Materials and Methods {#sec2-bioengineering-05-00018}
========================

In this work, two different medical grade PEEK materials (SUSTAPEEK MG NAT 1000X ϕ-12 mm and ϕ-50 mm from Roechling, Germany and TECAPEEK MT natural rod, ϕ-50mm from Ensinger, Germany) were used to fabricate samples for thermal reliability studies. Both materials were of medical grade natural PEEK, having nearly similar mechanical and thermal properties, except the water absorption value which was 0.2% for Roechling PEEK and 0.02% for Ensinger PEEK in 24 h at 23 °C \[[@B19-bioengineering-05-00018],[@B20-bioengineering-05-00018]\].

2.1. Specimen Preparation {#sec2dot1-bioengineering-05-00018}
-------------------------

[Figure 1](#bioengineering-05-00018-f001){ref-type="fig"}a shows a picture of the spring-type clip component part of a medical device \[[@B21-bioengineering-05-00018]\], which is manufactured from Roechling PEEK using the machining process. [Figure 1](#bioengineering-05-00018-f001){ref-type="fig"}b shows the image of test samples used for the hardness and differential scanning calorimetry (DSC) characterization, which are also manufactured by the machining process using PEEK materials procured from Roechling and Ensinger. Fifteen samples, each 20 × 10 × 4 mm in size, were fabricated using two different sizes of cylindrical rod, with 12 mm and 50 mm diameters, to investigate the effect of primary processing conditions on the thermal cyclic performance of PEEK during sterilization.

2.2. Autoclave Sterilization {#sec2dot2-bioengineering-05-00018}
----------------------------

A pressure cooker tester (PC-242HS, HIRAYAMA, Tokyo, Japan) autoclave was used to perform the sterilization test on the clip component and test samples. Samples were heated up to 121 °C for 30 min under 0.1 MPa pressure at a nearly 100% humidity level. Initially, the clip component was subjected to 2, 4, 6, 8, 10, 20...90, 100 sterilization cycles, and after each set of cycles (for example after 2 cycles, then after 4 cycles) the clip was tested for the compression force and dimensional change until the 100 cycles were finished. Later, 14 test samples of each type (12 and 50 mm Roechling, 50 mm Ensinger) were placed inside the autoclave and after 2, 4, 6, 8, 10, 20...90, 100 sterilization cycles, one sample of each type was brought out from the autoclave and characterized for hardness and DSC.

2.3. Characterization {#sec2dot3-bioengineering-05-00018}
---------------------

### 2.3.1. Clip Characterization {#sec2dot3dot1-bioengineering-05-00018}

The clip component, after each set of autoclave cycles (2, 4, 6, 8, 10...90, 100) and before the compression force measurement, was subjected to 250 compression cycles (force, 1 kgf ± 20% or 0.8 to 1.2 kgf) using an in-house designed jig to test the complete device assembly \[[@B21-bioengineering-05-00018]\]. The detailed calculation to determine the number of clip compression cycles after each set of sterilization cycles and based on its actual usage in the device assembly is included in the [supplementary information](#app1-bioengineering-05-00018){ref-type="app"}. To compare the effect of the sterilization cycles on the compression force of the clip, another similar clip was tested directly for compression force after each 250 spring compression cycles without sterilization (up to 6600 cycles). The compression force of the clip, in both the condition with and without sterilization, was measured using a force gauge (DigiTech, Osaka, Japan, Model: DTG-10) with a 100 N force capacity. At the same time, the lateral dimension of the clip was also measured using a digital Vernier caliper. This whole process was repeated until the 100 sterilization cycles were completed.

### 2.3.2. Test Samples Characterization {#sec2dot3dot2-bioengineering-05-00018}

The hardness of the test samples was measured using a Vickers hardness tester VMT-7, an automatic digital hardness tester (MATSUZAWA, Akita Japan) with a square-based pyramid shaped indenter with a phase angle of 136°. An indenting load of 5 Kgf was used for a dwell time of 15 s. The testing was performed as per ASTM E384-11e1. Each sample was indented for 10 indentations and the average of these values is considered as the hardness of the sample.

The DSC test was performed using professional Q20 equipment from TA Instruments, New castle, DE, USA. Small chips from the test samples were sliced using wire cutting pliers. A small quantity (\< 20 mg) of chipped PEEK material was placed inside a hermetic Al pan, which was sealed with an Al pan cover. DSC characterization was performed between the temperature range from 40 °C to 400 °C with a ramp rate of 20 °C/min, as per ISO 11357 standard. A continuous flow of argon gas at 50 mL/min was maintained throughout the DSC testing.

3. Results {#sec3-bioengineering-05-00018}
==========

3.1. Compression Force and Dimension {#sec3dot1-bioengineering-05-00018}
------------------------------------

[Table 1](#bioengineering-05-00018-t001){ref-type="table"} consists the results of the compression force and clip dimensions after each set of autoclave cycles (2, 4, 6...90, 100). It was observed that the sterilization has no significant effect on the compression force of the clip up to 4 cycles; this is in good agreement with the work of Godara et al. \[[@B15-bioengineering-05-00018]\] on sterilization effects on carbon composite PEEK. From 6 to 20 cycles there was a decrease of \~10% in the compression force, which further decreased up to \~20% for 30 cycles. After 30 cycles, the change in compression force became insignificant. A similar trend was observed in the clip dimension results; first, the clip size decreased up to 40 cycles and then the size became stable. [Figure 2](#bioengineering-05-00018-f002){ref-type="fig"} shows the plot between the compression force and the number of clip compression cycles with and without sterilization cycles. From the results, it can be seen that the sterilized sample exhibited a sudden decrease in the compression force of the clip after every few sterilization cycles, whereas the results for the unsterilized sample showed a gradual decrease in the compression force of the clip. This difference in behavior of the compression force for both clip samples is due to the absorption of moisture during the sterilization process, which induces stresses due to the expansion and results in the degradation of the structural properties \[[@B22-bioengineering-05-00018]\]. In general, moisture absorption in polymer occurs through diffusion and capillary processes \[[@B23-bioengineering-05-00018],[@B24-bioengineering-05-00018],[@B25-bioengineering-05-00018]\], which induce plastic deformation either by plasticization or by differential strain due to the swelling while stretching the polymeric chains \[[@B26-bioengineering-05-00018]\]. These effects can significantly alter the physical, chemical, or mechanical characteristics of materials at different scales \[[@B27-bioengineering-05-00018]\]. In the current situation, the clip was subjected to moisture at a high temperature (121 °C). As the PEEK (Roechling) used to manufacture the clip has a moisture absorption capacity of 0.2% in 24 h at 23 °C \[[@B20-bioengineering-05-00018]\], at the high temperature of sterilization a significant amount of moisture absorption can be expected due to the higher diffusion rate of the moisture. Thus, the change in the compression force behavior of the clip is mainly due to the effects of heat and moisture.

[Figure 3](#bioengineering-05-00018-f003){ref-type="fig"} represents the change in the clip lateral dimension before and after 100 cycles of sterilization. The size of the clip initially decreased faster up to 40 cycles and then slowed down for subsequent cycles, with a maximum of 8% change after 100 sterilization cycles. The spring size is directly related to the spring nature of the clip, as this will bring the clip back to its original size after compression. Therefore, both decreased at the same time due to permanent plastic deformation in the clip material.

To understand the permanent plastic deformation of the clip material due to the effects of moisture and heat, the rectangular shape ([Figure 1](#bioengineering-05-00018-f001){ref-type="fig"}b) test samples were characterized for hardness and DSC analysis after a similar set of sterilization cycles.

3.2. Hardness {#sec3dot2-bioengineering-05-00018}
-------------

[Table 1](#bioengineering-05-00018-t001){ref-type="table"} comprises the hardness characterization results for the test samples made from Roechling PEEK with a 12 mm diameter rod. [Figure 4](#bioengineering-05-00018-f004){ref-type="fig"} shows the graphical representation of the change in compression force due to hardness variation of the clip with respect to the number of autoclave cycles. The inset image in [Figure 4](#bioengineering-05-00018-f004){ref-type="fig"} shows the indentation cavity formed during the hardness measurement. The hardness results show that the hardness value increased up to \~48% after 20 sterilization cycles and there was a decrease until \~17% after 40 cycles. After 40 cycles, the change in hardness value became stable between 10.34% to 17.24%. These results confirm that there is a change in the material's mechanical property in terms of hardness scale due to the effects of heat and moisture during the sterilization process. Once the moisture absorption capacity of PEEK reached to its saturation value (at nearly 40 cycles), there were no further changes in the hardness value of the test samples (or in the compression force of the clip).

[Figure 5](#bioengineering-05-00018-f005){ref-type="fig"} shows the plot between the changes in clip dimension with the hardness variation of the clip with respect to the number of autoclave cycles. A similar type of conclusion can be drawn from these results. The clip size decreased faster for the initial 40 cycles of sterilization and became stable for the subsequent number of autoclave cycles. An increase in the hardness represents a decrease in the elastic nature of the material, and therefore a decrease in the compression force and dimension of the spring due to permanent plastic deformation.

[Table 2](#bioengineering-05-00018-t002){ref-type="table"} contains the hardness comparison results of the samples made from 12 mm and 50 mm diameter PEEK rods procured from Roechling and Ensinger. It was observed that the sample fabricated from the 12 mm rod was more prone to hardening compared to the sample fabricated from the 50 mm rod. Results show that the sample made from the Roechling 50 mm rod exhibited an increase of \~32% and the sample made from the Ensinger 50 mm rod exhibited an increase of \~25% in hardness compared to the \~48% increase in hardness of the sample made from the Roechling 12 mm rod. This indicates that the initial condition of the raw material, which is being used for the fabrication of device components, is also very important, as it may exhibit different types of material degradation behavior under cyclic sterilization conditions. These changes in the degradation behavior could be due to the different cooling rate for 12 mm and 50 mm rods while they are extruded. The 12 mm rod would have cooled faster as the surface area to volume ratio is higher compared to the 50 mm rod. Due to the faster cooling rate, the 12 mm rod might induce more points and line defects in the material, which cause a deeper and faster diffusion of moisture in the PEEK material, resulting in a faster rate of hardening.

[Figure 6](#bioengineering-05-00018-f006){ref-type="fig"} shows the graphic of the hardness variation of different test samples with respect to the number of autoclave cycles. For the first 50 cycles, the rate of hardening was different in the samples fabricated from 12 mm and 50 mm rods. For more than 50 cycles, the variation in hardness value became insignificant, irrespective of the different processing conditions of the raw material (12 mm or 50 mm rods). The slight difference in the hardness value of the samples made from 50 mm Ensinger and Roechling rods was due to their different moisture absorption capacities (0.02% and 0.2% in 24 h at 23 °C) \[[@B19-bioengineering-05-00018],[@B20-bioengineering-05-00018]\].

3.3. Differential Scanning Calorimetry {#sec3dot3-bioengineering-05-00018}
--------------------------------------

[Figure 7](#bioengineering-05-00018-f007){ref-type="fig"} shows the DSC testing results after 0, 6, and 10 autoclave cycles for the test sample fabricated from 12 mm Roechling PEEK. Results show that there was no significant change observed in the DSC behavior of PEEK even after 10 sterilization cycles. This observation indicates that the changes in PEEK properties are not due to a change in its bulk material properties, but rather a surface-driven phenomenon due to the diffusion of moisture at high temperatures. Therefore, the thickness of a component plays an important role in deciding the material's properties and degradation rate to thus decide the component's life.

In order to further verify that the degradation of PEEK material properties were due to the diffusion of moisture at a high temperature (121 °C), an untreated test sample (50 mm, Roechling) was repetitively heated (at 121 °C temperature for 30 min) for 10 and 20 cycles and cooled to room temperature, in an electric oven without the presence of moisture. [Table 3](#bioengineering-05-00018-t003){ref-type="table"} lists the results of the hardness measurement after repetitive heating and cooling cycles without the presence of moisture and the hardness of samples that had already undergone a similar number of sterilized cycles. The results show that repetitive heating without moisture exhibited only a 7.14% increase in hardness, irrespective of the number of cycles. Conversely, the hardness change due to repetitive heating in the presence of moisture (sterilization) was measured as 21.43% and 17.86% for the same number of cycles. Another experiment was performed on the sterilized samples, which had already undergone 20 and 30 autoclave cycles. Both samples were heated for a long time (20 h, 100 °C) to remove the moisture content and then the hardness of both the samples was measured again. It was observed that the hardness of the samples after a long time heating was reduced tremendously to a level of 6.89% and 3.45% for 20 and 30 cycles, respectively, compared to 48.28% and 42.38% just after the sterilization cycles (see [Table 3](#bioengineering-05-00018-t003){ref-type="table"}). Both of these experiments performed on the test sample revealed the role of moisture content in the hardness increment of PEEK after the sterilization cycles. Therefore, the moisture at higher temperatures during the sterilization process caused a very detrimental effect on the mechanical properties of PEEK polymer due to the high diffusion rate of moisture at high temperatures.

4. Conclusions {#sec4-bioengineering-05-00018}
==============

The effects of the sterilization process on the material properties (reliability) of medical grade thermoplastic polyetheretherketone (PEEK) have been studied. Test results on the clip component of the medical device concluded that there is a decrease of \~20% in the compression force of the clip after 30 autoclave cycles and a decrease of \~6% in the lateral dimension of the clip after 50 autoclave cycles. The change in both the compression force and dimension become stable for the subsequent cycles of sterilization. DSC results on the test sample concluded that there are no significant changes in bulk material properties and the degradation behavior of PEEK properties is a surface-driven phenomenon. Hardness testing results further confirmed that the changes in the clip properties for the initial sterilization (30--50) cycles are due to changes in the hardness or due to the absorption of moisture on the surface of the polymer. When an untreated sample of PEEK was subjected to repetitive heating and cooling cycles in the absence of moisture, it was observed that the hardness of the PEEK material increased by only 7.14% after 10 and 20 cycles, respectively, compared to 21.43% and 17.86% in the presence of both heat and moisture during the sterilization process. When the sterilized samples were heated for a long time (20 h) to remove the moisture content absorbed during sterilization, a tremendous decrease in the hardness value of the samples were observed compare to just after the sterilization hardness. Therefore, it can be concluded that the degradation of PEEK is mainly due to the effect of moisture at elevated temperatures. Thus, this thermal reliability study on PEEK suggests that if a reusable medical device is fabricated using PEEK, which will be subjected to repeated sterilization processes, the change in mechanical properties of PEEK needs to be accounted for in the proposed design.
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bioengineering-05-00018-t001_Table 1

###### 

Compression force and dimension change results of the clip component in comparison with number of autoclave cycles and test sample's hardness measurement.

  Autoclave Cycles   Compression Force (Kgf)   Dimension Change (mm)   Hardness Roechling (ϕ-12 mm)
  ------------------ ------------------------- ----------------------- ------------------------------
  0                  1.250                     38.65                   29 ± 0.8
  2                  1.249 (↓0.08)             38.63 (↓0.05)           35 ± 1.6 (↑20.69)
  4                  1.262 (↓0.96)             36.79 (↓4.81)           35 ± 1.4 (↑20.69)
  6                  1.138 (↓8.96)             36.61 (↓5.28)           38 ± 2.0 (↑31.03)
  8                  1.113 (↓10.96)            36.43 (↓5.74)           39 ± 1.8 (↑34.48)
  10                 1.117 (↓10.64)            36.44 (↓5.72)           39 ± 3.7 (↑34.48)
  20                 1.120 (↓10.4)             36.37 (↓5.90)           43 ± 1.6 (↑48.28)
  30                 0.983 (↓21.36)            36.19 (↓6.36)           41 ± 2.3 (↑41.38)
  40                 0.981 (↓21.52)            36.03 (↓6.78)           34 ± 1.7 (↑17.24)
  50                 0.983 (↓21.36)            35.71 (↓7.61)           33 ± 1.6 (↑13.79)
  60                 0.999 (↓20.08)            35.75 (↓7.50)           32 ± 2.0 (↑10.34)
  70                 0.951 (↓23.92)            35.64 (↓7.79)           34 ± 2.0 (↑17.24)
  80                 0.947 (↓24.24)            35.65 (↓7.76)           34 ± 1.2 (↑17.24)
  90                 0.954 (↓23.68)            35.57 (↓7.97)           34 ± 1.4 (↑17.24)
  100                0.974 (↓22.08)            35.54 (↓8.05)           33 ± 1.3 (↑13.79)

bioengineering-05-00018-t002_Table 2

###### 

Comparison of the hardness values of test samples manufactured from 12 mm and 50 mm rods and from two different PEEK manufacturers.

  Autoclave Cycles   Hardness Roechling (ϕ-12 mm)   Hardness Roechling (ϕ-50 mm)   Hardness Ensinger (ϕ-50 mm)
  ------------------ ------------------------------ ------------------------------ -----------------------------
  **0**              29 ± 0.8                       28 ± 1.2                       28 ± 0.6
  **2**              35 ± 1.6 (↑20.69)              30 ± 1.2 (↑7.14)               30 ± 1.0 (↑7.14)
  **4**              35 ± 1.4 (↑20.69)              31 ± 1.0 (↑10.71)              29 ± 1.1 (↑3.57)
  **6**              38 ± 2.0 (↑31.03)              31 ± 1.0 (↑10.71)              30 ± 1.7 (↑7.14)
  **8**              39 ± 1.8 (↑34.48)              33 ± 0.7 (↑17.86)              31 ± 1.7 (↑10.71)
  **10**             39 ± 3.7 (↑34.48)              34 ± 0.9 (↑21.43)              33 ± 2.2 (↑17.86)
  **20**             43 ± 1.6 (↑48.28)              33 ± 2.2 (↑17.86)              32 ± 1.6 (↑14.29)
  **30**             41 ± 2.3 (↑41.38)              32 ± 1.4 (↑14.29)              30 ± 1.5 (↑7.14)
  **40**             34 ± 1.7 (↑17.24)              33 ± 1.2 (↑17.86)              31 ± 1.8 (↑10.71)
  **50**             33 ± 1.6 (↑13.79)              37 ± 1.4 (↑32.14)              34 ± 1.9 (↑21.43)
  **60**             32 ± 2.0 (↑10.34)              37 ± 2.5 (↑32.14)              35 ± 2.0 (↑25)
  **70**             34 ± 2.0 (↑17.24)              35 ± 1.0 (↑25)                 34 ± 1.2 (↑21.43)
  **80**             34 ± 1.2 (↑17.24)              36 ± 1.5 (↑28.57)              35 ± 1.8 (↑25)
  **90**             34 ± 1.4 (↑17.24)              36 ± 0.9 (↑28.57)              35 ± 1.3 (↑25)
  **100**            33 ± 1.3 (↑13.79)              35 ± 1.4 (↑25)                 35 ± 1.7 (↑25)

bioengineering-05-00018-t003_Table 3

###### 

Effect of heating without moisture on the hardness of Roechling PEEK test samples.

  ------------------------------------------------------------- -------------------------------- ------------------------------------ --------------------------------
  **Repetitive Heating Cycles without Moisture**                                                                                      
  No. of cycles                                                 Hardness Roechling (50 mm) MPa   Hardness Sterilized sample MPa (%)   Hardness heated sample MPa (%)
  10                                                            28 ± 1.2                         34 ± 0.9 (21.43↑)                    30 ± 1.3 (7.14↑)
  20                                                            33 ± 2.2 (17.86↑)                30 ± 1.0 (7.14↑)                     
  **Long Heating Period (20 h, 100 °C) of Sterilized Sample**                                                                         
  No. of cycles                                                 Hardness Roechling (12 mm) MPa   Hardness Sterilized sample MPa (%)   Hardness heated sample MPa (%)
  20                                                            29 ± 0.8                         43 ± 1.6 (48.28↑)                    31 ± 1.1 (6.89↑)
  30                                                            41 ± 2.3 (42.38↑)                30 ± 0.8 (3.45↑)                     
  ------------------------------------------------------------- -------------------------------- ------------------------------------ --------------------------------
